Groundwater is a vital source of freshwater throughout the tropics enabling access to safe water for domestic, agricultural and industrial purposes close to the point of demand. The sustainability of groundwater withdrawals is controlled, in part, by groundwater recharge, yet the conversion of rainfall into recharge remains inadequately understood, particularly in the tropics. This study examines a rare set of 19-25-year records of observed groundwater levels and rainfall under humid conditions (mean rainfall is~1,200 mm year . Inter-annual changes in groundwater storage correlate well to inter-annual rainfall variability. However, recharge varies substantially depending upon the geological environment: annual recharge to shallow aquifers of Quaternary sands amounts to as much as 40% of annual rainfall, whereas in deeper aquifers of Mio-Pliocene sandstone and weathered crystalline rocks, annual fractions of rainfall generating recharge are 13 and 4%, respectively. Differences are primarily attributed to the thickness of the unsaturated zone and to the lithological controls on the transmission and storage of rain-fed recharge.
Introduction
Groundwater is the primary source of water for domestic and agricultural water supplies throughout the tropics and much of Sub-Saharan Africa (Döll et al. 2012 ). Efforts to meet projected increases in freshwater demand over the next few decades across Sub-Saharan Africa depend on development of the groundwater resource, which in many environments is the only perennial source of freshwater (MacDonald et al. 2012) . The sustainability of current and future groundwater abstraction relies on groundwater recharge but the conversion of rainfall into recharge remains poorly understood. This gap in knowledge is due primarily to the limited availability of sustained observations of changes in groundwater storage in this region (Taylor et al. 2013) . Studies based on rare piezometric observations and stable-isotope ratios indicate that intensive rainfall events contribute preferentially to groundwater recharge in the tropics (Taylor and Howard 1999; Owor et al. 2009; Taylor et al. 2013; Jasechko and Taylor 2015) but the role played by the unsaturated zone in transmitting water remains unclear (e.g. infiltration pathways and controls). Further, most studies which quantify recharge from groundwater-level fluctuations in Sub-Sahara Africa are constrained by uncertainty in coefficients (e.g. specific yield) of groundwater storage (e.g. Sibanda et al. 2009; Obuobie et al. 2012) .
In Benin, previous assessments of recharge are rare and have relied primarily on the use of soil-moisture balance models for which there is substantial uncertainty in their parameterisation due to a lack of field observations. For example, studies in the Mio-Pliocene sediments of southern Benin have estimated recharge using very different parameterisations that have generated outcomes which are both uncertain and differ substantially: 50 to 104 mm year --1 (Totin 2010) versus 266 mm year −1 (Achidi et al. 2012a ). Application of the same unconstrained soil-moisture balance model to weathered crystalline aquifers in central Benin produces recharge estimates ranging from 250 to 300 mm year −1 (Achidi et al. 2012b) which differ from previous estimates generated from the use of the water- , Kamagaté et al. 2007 and Séguis et al. 2011 respectively) . These latter estimates are, however, based on groundwater-level records of very limited duration (i.e. 2 and 4 years) and are unconstrained by local measurements of specific yield. In summary, substantial uncertainty remains in the estimation of recharge in Benin as assessments are inconsistent and inadequately constrained by observations.
In this study, long-term (19-25 years) records of groundwater levels and rainfall are used to explore the relationships between rainfall and recharge in three hydrogeological environments common to the humid tropics of Benin and other parts of West Africa: Quaternary unconsolidated sediments, Mio-Pliocene sandstone, and weathered-fissured Neoproterozoic crystalline rocks. Further, the study marks a substantial improvement on previous analyses of recharge using the water-table fluctuation method in Sub-Saharan Africa as it not only employs multi-decadal piezometric records but also employs specific yield values constrained by magnetic resonance sounding (MRS) experiments carried out at each of the sites featuring long-term Bchronicles^of groundwater storage changes.
Materials and methods

Monitoring sites
The geology of Benin is composed of two principal domains that are common in West Africa. Northern and central regions are dominated by crystalline rocks whereas the southern region consists of a coastal sedimentary basin with rocks from Cretaceous to recent ages (Fig. 1) . A network of piezometers was established in the 1990s in sedimentary formations in southern Benin by the University of Abomey Calavi and the Benin and mean (1980-2009) climate data (modified from Achidi et al. 2012a) . b Simplified lithology of monitored piezometers as per borehole reports national society in charge of the water supply of cities (SONEB). More recently, a national network of groundwater monitoring sites was established by the National Directorate of Water (Direction Générale de l'Eau, DG-Eau) in the Ministry of Energy, Oil and Water.
To examine the relationship between rainfall and recharge, monitoring sites with short record duration (i.e. less than 15 years) and excessive gaps in their records were excluded. Three monitoring sites were selected in hydrogeological environments that commonly supply groundwater to inhabitants of Benin and that are common in West Africa: Quaternary sediments at Cococodji; Mio-Pliocene sediments at Allansakomey; and crystalline rocks at Natitingou (Fig. 1) . These monitoring sites are appropriate to examine recharge because: (1) monitored water-table depths (WTD) are impacted by neither abstraction nor constructed surfaces; (2) records of WTD are some of the longest available in Benin; and (3) rain gauges are localised in the vicinity of the piezometer. At each piezometer, WTDs have been measured manually since the 1990s (Table 1) . Recordings have been carried out by technicians of the DG-Eau and the University of AbomeyCalavi using an electrical probe (i.e. Bdipper^). The timestep of the measurements in these long-term records varies from 8 to 22 days on average (Fig. 2) .
Strong seasonality is observed in groundwater-level fluctuations in monitored aquifers in all three geological contexts and reflects the seasonally humid climates of each monitoring site (Fig. 2) (Achidi et al. 2012a) . In central Benin (Natitingou site), the rainy season is slightly shorter (April to October); mean annual rainfall (1,163 mm), mean air temperature (33°C) and ET 0 (1,516 mm year −1 ) measured at two weather stations for the 1980-2009 period are very similar to that recorded in southern Benin (Achidi et al. 2012a) . All sites are situated on surfaces of low relief with mean slopes based on Shuttle Radar Topography Mission data of 1.4% (standard deviation σ = 0.5%), 1.2% ( σ = 0.4%) and 2% (σ = 1 . 9 % ) a t C o c o c o d j i , Allansakomey and Natitingou, respectively. All three monitoring sites are in suburban areas that are relatively unaffected by constructed surfaces (i.e. tarmac, concrete) and where soils primarily derive from the underlying geology.
Recharge calculation and groundwater level modelling
Recharge was calculated based on the observed groundwaterlevel fluctuation (e.g. Scanlon et al. 2002; Healy and Cook 2002; Sibanda et al. 2009; Obuobie et al. 2012; Jassas and Merkel 2014 (1), S y has been estimated from measurements using magnetic resonance sounding (see next section), whereas D t is estimated based on observed recessions in groundwater levels during dry seasons (i.e. when no rain has occurred over multiple weeks). Recharge R t was first calculated at a daily time step by linearly interpolating the observed change in groundwater level Δh; monthly and yearly recharge were calculated by summing daily recharge. Relationships between rainfall and recharge were assessed on monthly and annual time steps through the use of regression plots. To assess the influence of daily rainfall on recharge, relationships between rainfall and recharge were systematically assessed by applying a threshold daily rainfall for generating recharge from 1 to 30 mm in increments of 1 mm. Observed relationships R t = f (rainfall t ) were then used to model a daily time series of groundwater level as:
Time-lags between rainfall and recharge (ranging from 0 to 50 days) were then applied to model the time series of mbgl metres below ground level groundwater levels; the degree to which the modelled time series represented the observed time series was assessed using the Normalised Root-Mean-Square Error (NRMSE) and the Nash-Sutcliffe Coefficient (NSC):
The influence of rainfall on recharge was assessed with the use of annual standard score of rainfall and recharge:
where x is the rainfall or the recharge, x and σ are the mean and the standard deviation of the population respectively.
Estimation of specific yield
Estimation of S y at each of three monitoring stations with long-term groundwater-level records ( Fig. 1 ) was conducted through MRS (Vouillamoz et al. 2012a (Vouillamoz et al. , 2014 . Detailed descriptions of the MRS technique can be found in numerous publications (e.g. Legchenko and Valla 2002; Legchenko 2013) . The major advantage of MRS compared to other geophysical methods (e.g. electrical resistivity tomography) is the direct measurement of signals that are generated by subsurface water itself. One of the primary output parameters obtained from the interpretation of MRS measurements is the variation in depth of the MRS water content θ MRS . MRS measurements were conducted at the 3 monitoring sites and S y was calculated using relationships between θ MRS and S y established in previous studies carried out in several sites of the same geological environment ( Table 2) . The relationship used to calculate the specific yield in crystalline rock was established in central Benin (at six locations) where the Natitingou site is also located (Vouillamoz et al. 2014) . For the monitoring site in Mio-Pliocene sandstone at Allansakomey the relationship used to calculate specific yield was established in the neighbouring Niger at six locations ) and is expected to be valid for Benin as the geological context is comparable. At Cococodji, the specific yield of Quaternary sands was estimated to be equal to the MRS water content as established in similar beach sands in India (Vouillamoz et al. 2012b ). Applied S y values for Quaternary sands, Mio-Pliocene sandstones and crystalline rocks are 16.2%, 7.1 and 0.4% respectively (Table 2) ; the low value of S y obtained at Natitingou is consistent with observations that this quartzite aquifer possesses a very low specific capacity (0.3 m 2 day −1
). Uncertainty in S y is estimated from uncertainties in MRS output parameters that are calculated by determining the range of acceptable solutions (i.e. equivalence analysis).
Results
Estimation of recharge
Recharge rates at the three long-term monitoring sites in Benin were calculated using Eq. (1) and values of specific yield derived from MRS water content (Table 2) ) in crystalline rocks (4% of mean annual rainfall, Table 3 ).
Regression plots of recharge against rainfall show clear linear relationships above a threshold between annual rainfall and estimated recharge at all three locations (Fig. 3) . Linear relationships are strong (i.e. coefficient of correlation ranging from 0.80 to 0.97) and extrapolating these relationships to a recharge value of zero denies potential non-linearities outside of the range of data used to inform them but suggests minimum thresholds in annual rainfall for recharge in the range of 140-250 mm at each location. The linearity in the relationships between monthly rainfall and estimated monthly recharge is lower due, in part, to time lags between input (rainfall) and response (groundwater-level rise). Finally, removing daily rainfall events of less than 5-15 mm did not impact the observed relationships between rainfall and recharge ( Fig. 4a and Table 4 ).
Using the observed links between annual recharge and rainfall, the water-table depth (WTD) was estimated on a daily time step using Eq. (2). The calculated WTD was then fitted to the observations by tuning modelled recharge-rainfall relationships and testing time lags between rainfall and recharge (Table 4) . No time lag is needed to improve the model of the shallow sandy water table at Cococodji (average WTD is 4.5 m below ground level, bgl), but time lags of respectively 17 days and 2 days slightly improved the model of the deeper sandstones aquifer at Allansakomey (Fig. 4b , average WTD is 15.4 m bgl) and quartzite at Natitingou (average WTD is 9.1 m bgl) respectively. Interestingly, the refined simple linear relationships explain almost all the fluctuation in the water table fluctuation at the three locations (Fig. 5) .
Influence of rainfall on groundwater storage
Standardized recharge and rainfall time series demonstrate a clear relationship between rainfall and recharge at all three locations (Fig. 6 ). Annual recharge is higher (or lower) than the mean value when annual rainfall is also higher (or lower) than the mean rainfall (Fig. 6a) . This trend is confirmed by the observed relationships between the annual groundwater storage balance (i.e. the difference in storage between January and December the same year) and the annual rainfall (Fig. 6b) . Currently, changes in groundwater storage are strongly correlated to rainfall at the three locations (correlation coefficient of 0.91, 0.8 and 0.96 for Cococodji, Allansakomey and Natitingou respectively). When annual rainfall is below the mean value, the annual storage balance is negative (i.e. groundwater storage declines), whereas the annual storage balance is positive (i.e. groundwater storage rises) when the annual rainfall is higher than the mean value.
Discussion
Uncertainty in recharge analysed using the WTFM Application of the water-table fluctuation method (WTFM) to each of the three long-term piezometric records in Benin demonstrates considerable ability (NSC = 0.66 to 0.85) to explain multi-decadal variations in groundwater levels in three different hydrogeological environments with varying water-table depths (Table 4 ). The WTFM method is nonetheless a simplification of a complex set of processes by which water moves to, and from, the water table. It is thus desirable to apply the WTFM in combination with other methods (e.g. Misstear et al. 2009; Sibanda et al. 2009 ) and on-going research currently seeks to test the outcomes here with evidence from hydrochemistry, stable-isotope ratios of O and H, and hydrological models in order to assess more widely recharge in the main geological units of Benin. Another key uncertainty associated with the use of the WTFM is the representivity of the analysed longterm piezometric data in each monitored aquifer. Figure 7 plots additional piezometric records that exist in each of the three monitored hydrogeological environments, alongside the more complete records analysed in the preceding. The amplitude and seasonality in groundwater levels in each of these additional, though limited, time series mirrors well the dynamics observed in the analysed time series. These additional observations, which range in distance from 12 to 113 km from the analysed time series, indicate that, at a minimum, the analysed time series are not anomalous.
Magnitude of recharge
Groundwater recharge estimated from groundwater-level records of 19-25 years in duration from three selected sites in Benin varies substantially in its magnitude from one location to the other ( Fig. 8a and Table 3 ). These differences in estimated recharge ranging from 51 to 491 mm year −1 cannot be explained by differences in rainfall as mean annual rainfall (MAR) varies by <5% among the three locations (Table 3 ) and differences in daily rainfall intensities are small (Fig. 8b) . At Natitingou in central Benin, the magnitude of estimated recharge to the weathered-fissured quartzite aquifer of~4% of MAR, is consistent with the lower 
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Data R = 0.46 P -3.93 (r = 0.84) Fig. 3 Relationship between recharge and rainfall at yearly and monthly time steps. a Cococodji; b Allansakomey; c Natitingou estimate proposed by Kamagaté et al. (2007;  i.e.~5 to 24% of MAR) using just 2 years of piezometric data and an unconstrained S y value at a site~60 km away. This new estimate is, however, far lower than previous, much less well-constrained studies of Séguis et al. (2011) and Achidi et al. (2012b) , which estimate recharge is 9-17 and 25% of MAR, respectively; the latter estimate is included in the new hydrogeological map of Benin and misrepresents the renewability of groundwater in this region. Detailed water-balance studies in central Benin, estimating actual evapotranspiration (AET) from hydrometric and eddy covariance measurements (Séguis et al. 2011; Mamadou et al. 2016) , indicate that the bulk of annual rainfall (up to 86 and 72% respectively) is returned to the atmosphere via evapotranspiration; groundwater discharge is primarily explained by local evapotranspiration. Here stream flow is ephemeral and dominated by contributions from (Hortonian) surface runoff and interflow. The low recharge flux estimated at Natitingou is thus primarily attributed to high AET facilitated by the thick unsaturated (vadose) zone. In southern Benin, reference evapotranspiration (ET 0 ) is similar to northern Benin (see section 'Materials and methods') and stream flow is also predominantly seasonal (Le Barbé et al. 1993) . Robust estimates of AET are unavailable. In the shallow aquifer with Quaternary sands at Cococodji,~40% of mean annual rainfall (~490 mm) is estimated to contribute to recharge through a thin (mean thickness of 4.5 m) unsaturated zone for which there is almost no time lag between rainfall and recharge responses (Table 4 ; Fig. 5 ). Here the higher recharge flux, the first published estimate for this aquifer, is attributed to reduced surface runoff associated with more transmissive soils and a thin vadose zone facilitating the conversion of infiltrating rainfall to recharge. At Allansakomey, a lower proportion (~13%) of annual rainfall is converted to recharge where the unsaturated zone is thicker (mean thickness of 15 m) and less permeable due to a higher clay content. The mean (148 mm year −1 ) and range (49-250 mm year −1 ) in annual recharge are consistent with previously modelled recharge by Totin (2010) ranging from 50 to 104 mm year −1 but substantially less again than that modelled by Achidi et al. (2012b) . This revised recharge estimate for the sandstone aquifer at Allansakomey is of importance as this aquifer is the primary source of safe water to the most populated area of Benin. Differences in land use Ibrahim et al. 2014) , local relief, and reference evapotranspiration are minor among the three monitoring sites but their collective influences on recharge cannot be discarded to explain, in part, differences in recharge rates estimated from long-term groundwater-level data. Fig. 4 Outcomes of a sensitivity analysis of the modelled relationships between rainfall and recharge constrained by long-term observations, for a daily rainfall threshold; and b the lag time between rainfall and recharge at Allansakomey 
Rainfall/recharge relationships
Computed groundwater recharge derived from observed groundwater-level time series records in three hydrogeological environments in Benin is strongly correlated (r = 0.88 to 0.97) to annual rainfall (Fig. 8a) . These linear relationships regress to implied thresholds for recharge of 220, 250 and 140 mm year
for Cococodji, Allansakomey and Natitingou respectively. Extrapolating such relationships beyond the range in the data yields highly uncertain conclusions yet these apparent thresholds are consistent with evidence of the relationship between mean annual rainfall and recharge (apparent threshold of 250 mm year
) compiled from recharge studies across SubSaharan Africa (Bonsor and MacDonald 2010) . On a daily time step, application of rainfall thresholds of 5-15 mm day −1 was found to best match groundwater fluctuations using Eq. (2) ( Table 4 ). This finding mirrors improved correlations between rainfall exceeding similar daily thresholds (e.g. 10 mm day −1 ) and recharge that have been observed in Uganda (Owor et al. 2009 ). The dependence of recharge on rainfall exceeding a threshold is noteworthy, as climate change intensifies rainfall, especially in the tropics (Allan et al. 2010) ; fewer but heavier rainfall events may consequently serve to enhance recharge. Long-term groundwater-level hydrographs in seasonally humid Benin also indicate that recharge occurs annually but varies substantially, similar to piezometric evidence from seasonally humid Uganda (Owor et al. 2009 ). This empirical evidence is in contrast to the highly episodic nature of groundwater recharge observed in semi-arid central Tanzania, where recharge is found to occur in just a few years each decade in response to heavy seasonal rainfall associated with the El Niño Southern Oscillation (Taylor et al. 2013) .
At monthly time scales, rainfall/recharge relationships deteriorate for deeper water tables at Allansakomey and Natitingou, but remain strong for the shallow water table at Cococodji (Fig. 3) . This difference may stem from the effects of the unsaturated zone in transmitting water, which are not represented in the simple WTFM model. Time lags estimated Fig. 7 Comparison of the selected water-table time-series with other chronicles located in the same geological unit Fig. 8 Comparison of rainfall and recharge characteristics at three monitoring sites: a annual recharge versus rainfall; b daily rainfall frequency distribution from the modelling of the water table time series (Table 4) are approximate as the sensitivity of the models to the time lag is low (Fig. 4b) . This insensitivity arises, in part, from the frequency of the groundwater-level measurements in the current multi-decadal records. However, recently instituted highfrequency (i.e. hourly) monitoring of groundwater levels in Benin (and Uganda) may soon provide improved insight into the time lags between rainfall and recharge as well as daily rainfall thresholds generating recharge in these seasonally humid environments featuring similar hydrogeological environments. Estimated time lags between rainfall and recharge from the analysis of the current long-term records (Table 4) suggest that rainfall is transmitted rapidly (0-17 days) through the vadose zone. Further research is nevertheless required to better understand the processes and structures (e.g. macropores) in the unsaturated zone transmitting rain-fed recharge (Owor et al. 2009; Beven and Germann 2013) .
Conclusions
Groundwater recharge, estimated from long-term (19-25 years) piezometric records, is shown to be linearly related to annual rainfall in three different hydrogeological environments in seasonally humid Benin; inter-annual changes in groundwater storage correlate well to inter-annual rainfall variability. This rare set of long-term groundwater-level observations from three common hydrogeological environments in West Africa reveals that recharge occurs annually in response to seasonal rainfall (mean of 1200 mm year −1 and σ = 261 mm year ) in a weathered quartzite aquifer. Of significance is that these new estimates, computed via the watertable fluctuation method, are constrained by localised estimates of specific yield. Presented results include the first estimate of recharge to the shallow aquifer in Quaternary Sands in coastal Benin and indicate further that current recharge estimates in the Hydrogeological Map of Benin (Achidi et al. 2012b) , in both the Mio-Pliocene sandstone of southern Benin and the Neoproterozoic crystalline rocks of central Benin, are over-estimated. Observed differences in recharge rates and lag times (0-17 days) between groundwater-level response times to rainfall are primarily attributed to lithological controls on the transmission and storage of rain-fed recharge and thickness of the unsaturated zone. Further field research is required to better understand the recharge processes that account for the noted brevity of lag times observed between rainfall and recharge. Fitting of simple scalar models of recharge to the long-term groundwater-level records in each hydrogeological environment suggests that recharge depends on daily rainfall exceeding a threshold (5 to 15 mm day −1
). As such the results presented here are consistent with a growing body of evidence from Sub-Saharan Africa that indicate that the intensification of rainfall associated with global warming may enhance groundwater recharge.
The robustness of the results of this study is constrained by the representivity of the monitoring sites and frequency of the groundwater level measurements in the multi-decadal records. Further research employing additional monitoring sites, higher frequency observations and complementary techniques (i.e. tracers, numerical modelling) is required to enhance understanding of the recharge processes and controls in seasonally humid environments in the tropics.
